The role the immune system plays in modulating tumor progression has been recognized since the late 1800s. William Coley initially demonstrated that injecting microbes directly into inoperable tumors provoked an immune response that resulted in tumor regression. 1 Despite encouraging results obtained in his case series, his work received criticism and was only accepted after his offspring continued with this line of work over the next several decades. 2 In parallel to these early scientific explorations that would eventually develop into the field of immuno-oncology, seminal studies were being conducted in the early 1920s by Otto Warburg, who postulated that changes in metabolism were the fundamental cause of cancer. 3, 4 Although these emerging fields of cancer research appeared to lose favor over the years, including a focus on treating cancer with radiation therapy and chemotherapy and research emphasizing genetic mutations as primary drivers of tumorigenesis, both fields have independently received considerable attention and renewed interest. Overcoming tumor-mediated immune suppression using immune checkpoint inhibitors has led to striking improvements in clinical outcomes in multiple cancers, revolutionizing our approach to cancer therapy, 5 and technological advancements have provided researchers an unprecedented opportunity to uncover an intricate set of metabolic programs driving the aggressive phenotype of malignancies far beyond alterations in glycolysis that underlie the Warburg effect. 6,7 With continued advancement in both of these research disciplines, the intimate relationship between multifaceted alterations in tumor metabolism and their subsequent influence on immune regulation has become increasingly recognized as an important factor contributing to tumor growth and progression. Recent studies using global metabolomic profiling designed to identify metabolic programs that may be driving the aggressive phenotype of glioblastoma have identified numerous alterations in cellular metabolism that may play a contributory role in immune regulation. 8 In this review, using these metabolomic findings as a framework, we will provide an overview of the emerging interface between
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Aerobic Glycolysis: A Shared Metabolic Adaptation of Both Tumor and Immune Cells
Cancer cells need to fulfill unique bioenergetic and biosynthetic demands to support their rapid growth and continued unregulated proliferation. One strategy they employ involves altering their energy metabolism to favor glycolysis, even under aerobic conditions, to support rapid energy generation and efficient macromolecule biosynthesis. This aerobic form of glycolysis is also known as the Warburg effect. Thus, tumor cells get most of their energy through high consumption of glucose and its conversion into lactic acid by glycolysis, as opposed to mitochondrial oxidative phosphorylation in normal cells. In addition to providing efficient energy, this shift fosters biosynthesis by providing the requisite macromolecules for DNA and lipid synthesis and maintenance of redox balance required for continued growth, termed anabolic metabolism, 6,7 which has recently been identified to be particularly relevant in glioblastoma. 8 Further, this glycolytic switch is also a useful adaptation for cancer cells to survive in regions of hypoxia, which is typical in the tumor microenvironment.
Alterations in metabolic programming that drive enhanced glycolysis to support proliferation are not unique to cancer cells but represent an important metabolic shift that is able to support the bioenergetic needs of a variety of normal cells, including immune cells. 6, 9 The immune system encompasses a heterogeneous population of cells that are naïve in the steady state but can rapidly respond to infection and inflammation. Enhanced glycolysis helps support the rapid and dynamic transitions between naïve and activated states in a variety of immune cells. 9 For example, dendritic cells (DCs), whose main function is priming T-cell response by processing and presenting antigen on the T-cell surface, typically oxidize glucose in the mitochondria and produce relatively little lactate. However, after stimulation, they undergo dramatic metabolic reprogramming consistent with the Warburg effect, including increased glucose uptake, decreased carbon flux into the mitochondria, and increased lactate production. 10, 11 This transition from a quiescent to an activated state is perhaps most notable in T cells, which demonstrate extensive and rapid proliferation upon activation. 9 When naïve T cells recognize antigen, they undergo energetically demanding developmental programs characterized by rapid growth, proliferation, and acquisition of specialized functions. To allow for this level of growth and proliferation, a switch from catabolic to anabolic metabolism in effector T cells is required, which is largely supported through enhanced glycolysis. Further, this shift to glycolysis has also been described in a variety of other immune cells, including macrophages, neutrophils, B cells, and natural killer (NK) cells. 9,12,13 Therefore, the availability of glucose is of clear importance in initiating an effective immune response. However, enhanced glycolysis observed in tumors that appear to be driving its aggressive phenotype leads to a microenvironment depleted of glucose. Therefore, an immune suppressive microenvironment results as a passive consequence to the metabolic shift to aerobic glycolysis in tumors. In addition, rapid utilization of glucose and growing oxygen demands in tumors result in hypoxia, which can further shape the immune system. Tumor hypoxia results in the induction of the transcription factor hypoxia-inducible factor 1α, which increases production of transforming growth factor (TGF)-β that can further inhibit NK cells and stimulate immune suppressive CD4+ T cells. 14 Further, the accumulation of lactic acid resulting from aerobic glycolysis in tumor cells also has direct immune suppressive effects at many levels, 13 including inhibition of the differentiation of monocytes to DCs, increasing transcription and secretion of tumor promoting cytokines, including interleukin (IL)-23, and suppression of T-cell response ( Figure 1) . 12, 13, 15, 16 Therefore, the shift to aerobic glycolysis in tumors has both active and passive consequences on the immune microenvironment.
Tryptophan Catabolism
Tryptophan is an essential amino acid, is required for protein synthesis, and serves as a precursor to the neurotransmitters serotonin and melatonin. In addition, tryptophan can be further metabolized to kynurenine, which is driven by the rate-limiting enzymes indoleamine 2,3-dioxygenase 1 (IDO1) and tryptophan 2,3-dioxygenase (TDO). Over a decade ago, Munn et al demonstrated that modulating this pathway resulted in the rejection of allogenic fetuses, suggesting that this pathway is necessary for maintaining immune tolerance and fetal protection from maternal immune rejection in the placenta. 17 Numerous studies have since identified many potential mechanisms of immune suppression offered by this metabolic pathway. [18] [19] [20] This includes tryptophan depletion within the microenvironment, which represents a passive consequence of IDO1/TDO pathway activation in both tumor and immune cells. Tryptophan depletion results in cell cycle arrest and/or anergy in effector T cells while simultaneously fostering maturation and activation of regulatory T cells (Tregs). 21 In addition, the kynurenine produced through pathway activation can be exported to the microenvironment, where it has the capacity to balance regulatory and effector responses of the immune system. This includes binding and activation of aryl hydrocarbon receptors (AHRs), a cytoplasmic transcription factor, resulting in reduced proliferation and infiltration of effector T cells. 22 Kynurenine-activated AHRs are also responsible for providing a tolerogenic phenotype in DCs, resulting in increased production of Tregs and reduced type 1 T helper (Th1) cells ( Figure 1 ). 23, 24 Activation of AHRs also results in increased production of TGF-β1, reduced production of interferon (IFN)-γ and IL-17, 25 and regulation of IL-1β production. This suggests that AHRs work by reducing inflammatory cytokines and upregulating cytokines that drive conversion of naïve CD4+ cells toward a suppressive Treg phenotype, promoting tumorigenesis. 22 Further, IDO pathway activation and upregulation of Tregs have been demonstrated to recruit and activate myeloid derived suppressor cells (MDSCs), furthering immune suppression. 26 In addition to kynurenine, downstream metabolic intermediaries of tryptophan metabolism, including kynurenic acid, have been shown to activate AHRs, resulting in upregulation of IL-6 in the presence of IL-1β, [27] [28] [29] which is important for maintaining the suppressive activity of MDSCs.
Interestingly, a variety of tumors, including glioblastoma, have evolved mechanisms to co-opt this potent mode of immune tolerance to evade the host immune system. 20 This relationship between cancer and elevated tryptophan catabolism was first recognized in the 1950s with the identification of an accumulation of its metabolic intermediaries in the urine of cancer patients. 30, 31 A more direct role the IDO1 pathway plays in tumor immune evasion was later proposed, demonstrating a more robust T-cell response and delayed growth in vivo following pathway inhibition. 32 Several recent studies have demonstrated that tryptophan catabolism, through both IDO1 and TDO, is particularly relevant in glioblastoma. Global metabolomic profiling identified an accumulation of several metabolic intermediaries of tryptophan metabolism in glioblastoma. 8 Opitz et al demonstrated robust TDO-mediated pathway activation in a panel of glioma cell lines that resulted in inhibition of T-cell proliferation, and modulating this pathway influenced growth in vivo. 22 Wainwright et al demonstrated significant IDO1 expression in glioblastoma that promoted an immunosuppressive environment through recruitment of Tregs 33 and went on to show that the therapeutic efficacy of IDO1 inhibition can be significantly enhanced when combined with other immune checkpoint inhibitors. 34 Preclinical studies also suggest that IDO1 inhibition can enhance radiation response in glioblastoma, 35 and downstream metabolic intermediaries of tryptophan metabolism, including NAD+ and quinolinic acid, may play additional immune and non-immune roles in gliomagenesis. 36 
Arginine Metabolism
L-arginine is a semi-essential amino acid with several critical functions and metabolic fates. It is metabolically interconvertible with the amino acids proline and glutamate and serves as a precursor for the synthesis of protein, nitric oxide (NO), polyamines, and urea. 37, 38 These diverse processes are differentially regulated according to cell type, which includes several important roles in the regulation of immune response. Perhaps the most notable is in macrophages, which are categorized as M1 or M2, each displaying profoundly different phenotypes based on how arginine is metabolized. 38 Macrophages classified as M1, which have been described to engage an immune response targeted to tumor cells, metabolize arginine to NO required for its cytotoxic activity via NO synthase. Conversely, M2 macrophages, which have been described as tumor promoting, use arginase to metabolize arginine, leading to the production of ornithine and urea, resulting in both anti-inflammatory properties and suppression of CD4+ T cell-mediated antitumoral immunity. 38 The fate of arginine to NO and arginase production is regulated by Th1 and Th2 cytokines, respectively. It is unclear if these similar modes of polarization translate to microglia, which represent resident macrophages of the CNS. For example, both M1 and M2 microglia have been described [39] [40] [41] ; however, their existence and biologic relevance and the role arginine plays in their polarization are still under investigation. In addition, the importance of arginine metabolism in myeloid cells has been well established. Specifically, both arginase and NO synthase activity in MDSCs contribute to immunosuppression by inhibiting T-cell proliferation through arginine depletion and peroxynitrate production ( Figure 1) . 37, 38 Recent literature also suggests that downstream metabolites of ornithine, when produced by DCs or MDSCs positive for arginase 1, result in activation of IDO1 and induction of TGF-β1. Consequently coexpression of arginase 1 and IDO1 in DCs results in formation of tolerogenic DCs. 42 Therefore, both IDO1 and arginase pathway upregulation may work coordinately in promoting an immune suppressive microenvironment in glioblastoma.
Arginine depletion is actively being investigated as a treatment strategy in a variety of human malignancies. This approach is largely based on successes achieved in leukemia involving L-asparaginase. It was identified that leukemia cells often lack the biosynthetic enzyme asparagine synthase and are subsequently reliant on exogenous sources of asparagine. Therefore, treatment with L-asparaginase would limit this conditionally essential amino acid in these tumors. 43, 44 In a similar context, arginosuccinate synthase 1 (ASS1) is absent in many tumors, resulting in a reliance on exogenous arginine. 44 Although the biologic advantage gained from this deletion in cancer is unclear, it does appear to contribute to a more aggressive phenotype with increased proliferation and invasion by limiting aspartate availability for nucleotide biosynthesis. 45 It was initially demonstrated that arginine depletion in the tumor microenvironment was a result of MDSCs, which subsequently downregulated T-cell receptor zeta chains, reducing antitumor T-cell response. 46, 47 Arginine auxotrophy was reported in a panel of glioblastoma cell lines sensitive to arginine deprivation, which was determined by ASS1 expression, 48 and involved in cell adhesion, invasion, and cytoskeletal organization. 49 Conversely, additional studies identified increased expression of arginase in a variety of tumors and implicated pathway activation to tumor progression through polyamine synthesis or downregulation of NO-mediated tumor cytotoxicity. 37 In glioblastoma, increased expression of arginine transporters has been reported, 50 and our work involving global metabolomic profiling identified accumulation of several metabolites associated with arginine metabolism, including citrulline, arginosuccinate, urea, and ornithine. 8 These findings suggest that this metabolic pathway is intact, although further study evaluating its intermediary metabolism is needed to provide insight into the biologic relevance of these findings. Although arginine metabolism has been implicated in tumorigenesis, the interplay of these metabolic changes with immune response is not as intuitive. Similar to the above described scenario of glucose and tryptophan depletion in the microenvironment, increased utilization of arginine in tumors could result in
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an arginine-depleted microenvironment. Further, acidosis of the microenvironment from enhanced glycolysis has been shown to increase arginase 1 expression in immune suppressive tumor associated macrophages (TAMs), further limiting antitumor immune response. However, others have shown that arginine depletion therapy may also induce MDSCs and subsequently blunt antitumor T-cell response. 51 Therefore, further work needs to be performed to better understand both the immune and tumoral consequences of modulating arginine metabolism in glioblastoma.
Adenosine Metabolism
Numerous studies have identified adenosine as a potent anti-inflammatory molecule involved in restoration of tissue homeostasis through modulation of innate and adaptive immune response. 52, 53 One mechanism contributing to adenosine-mediated immune suppression involves its interplay between regulatory and effector T cells. Tregs have been demonstrated to express the ectoenzymes CD39 and CD73, allowing them to generate pericellular adenosine from extracellular nucleotides (Figure 1 ). 54 The generated adenosine then binds to adenosine receptors, which are upregulated in activated effector T cells, generating an immunosuppressive signaling loop. 55 In addition, immune suppression associated with adenosine metabolism has been demonstrated through regulation of neutrophil and macrophage activation. 53, 56, 57 Although these findings may not extend to microglia, a recent study demonstrated that microglial cells produce high amounts of quinolinate, which can be utilized by glioblastoma to perform de novo synthesis of NAD+. 36, 58 NAD+ could consequently contribute to immune suppression by Treg-mediated conversion of NAD+ to adenosine using the adenosinergic pathway. Therefore, it may be possible that microglial cells also play an important role in immune suppression in glioblastoma. While extracellular adenosine levels are typically very low, tissue breakdown and hypoxia, which are typical in the tumor microenvironment, generate high levels of extracellular adenosine, thereby contributing to an immune suppressive state. 57 Further, increased expression of adenosine receptors has been identified in a variety of tumors, including glioblastoma, and implicated in numerous oncogenic processes. 56 The most notable is their role in stimulating the proliferation and migration of endothelial cells and vascular endothelial growth factor-mediated angiogenesis. In addition to adenosine receptors, tumors have been shown to express the ectoenzyme CD73, thereby in a fashion similar to Tregs increasing levels of this immune suppressive metabolite into the microenvironment. 59, 60 CD39 and CD73 activity in ovarian cancer was shown to contribute to the recruitment of TAMs that further amplified the adenosine-dependent immunosuppressive microenvironment. 61 Further, studies evaluating glioblastoma stem cells have identified a unique capacity of these intrinsically aggressive cells to generate and export adenosine, which, in addition to contributing to therapeutic resistance in an immune compromised mouse model, 62 may play a role in fostering an immune suppressive microenvironment.
Prostaglandins
Prostaglandins are derived from the metabolism of arachidonic acid, which is driven by cyclooxygenase (COX) and prostaglandin synthases. Prostaglandin E2 (PGE2) represents one of the most well studied downstream metabolic intermediaries of this pathway, contributing to many diverse biologic processes, from neuronal signaling to regulation of blood flow and vascular permeability. In addition, this metabolite, whose synthesis is controlled by local expression and activity of cyclooxygenase, is a key mediator in immunopathology, regulating inflammation at many levels. 63, 64 PGE2 has a paradoxical role of both promoting active inflammation but also shifting from an antitumor to an immunosuppressive response within the tumor microenvironment. For example, although PGE2 can recruit neutrophils, macrophages, and mast cells, it appears to modify their phenotype toward a tolerogenic state. In addition, PGE2 plays several important roles in antigenspecific immune responses. PGE2 along with COX2 form a positive-feedback loop that redirects the development of DCs to MDSCs that suppress the cytotoxic activity of effector T cells. 65 PGE2 can also directly suppress T-cell activation through suppression of IL-2 production, shifting CD4+ T-cell responses from the aggressive antitumor Th1 subtype to the anti-inflammatory Th2/Th17 subtype. It can also promote the development of Tregs and shift macrophages from an M1 to an M2 phenotype (Figure 1 ). 63 Further, this immune suppressive pathway appears to work coordinately with other immune checkpoints, including programmed cell death protein 1 66 and adenosine metabolism, 67 and has been demonstrated to induce TDO expression, 68 stimulating tryptophan metabolism.
Several studies have identified potential implications of prostaglandins in glioblastoma biology. For example, COX2 expression has been demonstrated to be aberrantly expressed in glioblastoma and to have prognostic significance. 69, 70 Nakano et al demonstrated that glioma cells could stimulate PGE2 production in macrophages, resulting in an immune suppressive state, 71 and later studies went on to demonstrate pathway activation following therapy. 72 Our metabolomic data identified several intermediaries of prostaglandin metabolism to be elevated in glioblastoma, 8 suggesting relevance of this immune regulatory pathway in this tumor. Although more work is required to better understand the immunologic consequences of these findings, collectively they suggest that this metabolic switch may contribute to glioblastoma immune suppression.
Targeting the Immunometabolic Interface in Glioblastoma
As described in this review, tumors have co-opted several metabolic strategies that, in addition to playing a contributory role in the intrinsic growth of these tumors, promote an immune suppressive microenvironment. Therefore, directly targeting these metabolic nodes has promise in 1312 Kesarwani et 
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serving as next-generation immune checkpoint inhibitors. As discussed above, availability of glucose in the tumor microenvironment is a passive consequence of enhanced glycolysis typical in glioblastoma. Therefore, reverting this metabolic program may provide the requisite glucose for immune cells to stimulate an antitumor response. Hexokinase 2 (HK2) is an enzyme that converts glucose to glucose-6-phosphate. In addition to serving as an essential rate-limiting step for glycolysis, it traps glucose intracellularly, committing this important metabolite to cellular functions. It has been previously shown that upregulation and overexpression of HK2 play a key role in regulating aerobic glycolysis in glioblastoma, and targeting HK2 has therapeutic potential. 73, 74 Therefore, further studies defining the immune consequence of glycolysis inhibition in immune competent preclinical models would be of interest. Another strategy for targeting aerobic glycolysis is by modulating its downstream metabolism. Pyruvate dehydrogenase (PDH), which metabolizes pyruvate to acetyl CoA, represents an important gatekeeping enzyme regulating glycolytic flux into the mitochondria. Its activity is regulated by reversible phosphorylation. A family of PDH kinases (PDK) inhibit enzyme activity through phosphorylation, thereby shifting glucose metabolism toward fermentation, while dephosphorylation by PDH phosphatases stimulate enzyme activity, resulting in increased oxidative phosphorylation. 75 The metabolic modulator dichloroacetate (DCA) inhibits PDK, thereby activating PDH and allowing for increased glycolytic flux into the mitochondria and oxidative phosphorylation, a strategy that has demonstrated activity in glioblastoma. 76 It is unclear how modulating downstream glycolysis may influence glucose utilization and its subsequent availability in the microenvironment; however, both DCA along with HK2 inhibition would likely decrease lactic acid levels, thereby mitigating the potential immune suppressive effects of acidosis. 77 One of the most clinically advanced strategies for targeting the immunometabolic interface in cancer involves tryptophan metabolism, with several IDO inhibitors currently being tested. These include PF-06840003, indoximod, 1-methyl-D-tryptophan, epacadostat (INCB024360), and GDC-0919, along with peptide vaccines, several of which are being studied in glioblastoma, as reviewed by Vacchelli et al. 78 Further, as alterations in metabolic programming in tumors can potentially be studied using advanced imaging, incorporating correlative studies into clinical trials, including kynurenine/tryptophan ratios 79 and C11 L-tryptophanbased PET tracers, 80 represents a promising strategy to enrich for patients most likely to benefit from therapy and/ or evaluate target engagement of an individual agent.
Arginine deprivation therapy is an active area of investigation based on the hypothesis that certain tumors are reliant on exogenous sources of this conditionally essential amino acid. Therefore, arginine degrading enzymes, including ADI-PEG 20 44 and recombinant human arginase (PEG-BCT-100), 48 represent strategies that are actively being investigated and, in addition to antitumor activity, may have broad immunological consequences. As current data supporting arginine auxotrophy as a metabolic phenotype in glioblastoma are mixed, more rigorous studies designed to determine the impact of arginine restriction on both tumor growth and immune response will better 
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establish the clinical potential of this approach, as arginine depletion may also have an unintended consequence of promoting further immune suppression. 51 Strategies designed to target adenosine metabolism have largely focused on its most well studied receptor, A2a. PBF-509 and CPI-444 represent 2 such antagonists currently being investigated in clinical trials; however, it is important to note that several similar compounds have already gone through phase III testing in Parkinson's disease. 57 Another strategy for modulating adenosine metabolism is by targeting the aberrantly expressed ectoenzyme CD73, which generates adenosine from extracellular nucleotides. 81 As adenosine has multiple receptors, intra-and extracellular targets, and a range of biologic consequences dependent on the developmental stage of a given target, careful consideration of the timing of blockade and rationale combinatorial strategies will be important to extend promising laboratory findings clinically. Promising combinatorial strategies include evaluating adenosine modulation in combination with vaccines, chemotherapy, other immune checkpoint agents, and adoptive T-cell therapy, as reviewed by Leone et al. 57 The initial interest in targeting prostaglandin metabolism was based on its anti-inflammatory roles, largely focused on COX2 inhibition in the management of arthritis. Its clinical development in arthritis was tempered by cardiovascular side effects (although recent data have questioned the severity of these events 82 ), but COX2 inhibition continues to be actively investigated in oncology research, as both a chemopreventive and a therapeutic agent, as reviewed by Stasinopoulos et al. 83 In addition to independent activity, these agents also have the potential for enhancing the activity of cancer vaccines and immune checkpoint inhibitors. 66 Moving forward, next-generation agents are currently being developed to more specifically target the downstream intermediary metabolism of prostaglandin, including agonists and antagonists of individual PGE2 receptors and modulation of 15-hydroxyprostaglandin dehydrogenase, which controls PGE2 degradation. 63 
Limitations and Further Investigations
It is important to note that in this review, we did not discriminate between isocitrate dehydrogenase 1 (IDH1) mutant and wild-type glioblastoma. Although mutation in IDH1 results in the formation of a neomorphic enzyme with the capacity of generating the oncometabolite 2-hydroxyglutarate, 84 its role in tumorigenesis appears to be epigenetic in nature. 85 Further work is required to determine if IDH1 mutation in glioblastoma also results in global changes in metabolic programs that may interface with immune regulation in unique ways compared with IDH1 wild-type tumors. In addition, glioblastoma represents an archetypal example of a heterogeneous malignancy, harboring regions of invasion, necrosis, and vascularization. Although the influence of regional changes associated with tumor hypoxia on immune suppression was discussed in this review, further research evaluating if unique sets of metabolic programs driving growth in these distinct intratumoral biomes differentially modulate host immune response is warranted, potentially providing further insight into the multifaceted interface between these 2 oncogenic processes. For example, although glioblastoma has been typically characterized as a glycolytic tumor, several recent studies have shown that these tumors also rely heavily on oxidative phosphorylation, 86, 87 which may be driven by regional differences in the tumor microenvironment. Further, therapies may have unintended consequences on metabolism that can potentiate the immune tolerant microenvironment. For example, antiangiogenic therapy has been reported to induce hypoxia in glioblastoma, resulting in a more glycolytic tumor, 88 which as described above, may potentially contribute to further immune suppression. Therefore, further studies evaluating these complex interactions are warranted.
Conclusion
The fields of tumor metabolism and immuno-oncology have both independently received considerable attention over the last several years and recent investigations have identified elegant, multifaceted strategies by which alterations in tumor metabolism can also contribute to a potent tolerogenic immune environment. Continued investigations are required to better understand the individual contributions of these metabolic programs on immune tolerance in glioblastoma and how they interface with other known anti-immune strategies currently being tested clinically. Such studies may provide further insight into the complex modes of immune suppression co-opted by these tumors and identify novel combinatorial strategies that may build upon the recent successes of immunotherapy in cancer.
